We suggest an alternative way of terahertz radiation generation utilizing the effect of spontaneous symmetry breaking in a nonlinear metallic nanodimer illuminated by light. We show that the symmetry breaking is caused by instability of plasmon eigenmodes of the system and can lead either to spontaneous magnetization of the dimer or to a periodic self-modulation regime of light scattering. We find that the modulation frequency lies in the terahertz band and may be tuned within a wide range.
I. INTRODUCTION
Interaction of light with metallic nanoparticles, nanoparticle clusters, and nanostructured metamaterials has attracted a great deal of effort in the recent years being the subject of extensive both theoretical and experimental studies. [1] [2] [3] [4] Mainly, such an interest is caused by plasmonic effects, which bode a lot of promising applications in nanooptics, nanophotonics, near-field optics, nanowaveguiding, optical lithography, biosensorics, etc. Nanoparticles themselves are expected to be the "building stones" for creation of novel types of nanostructured plasmonic metamaterials exhibiting optical properties unreachable for natural media. To date, composite nanostructured metamaterials based on twodimensional lattices of metallic nanoparticles have already been obtained ͑see, for example, Refs. 5-7͒. Such lattices can demonstrate properties that are very unusual for optical frequencies including, in particular, magnetic resonant response that can emerge due to the special geometry of individual nanoparticles making up subwavelength resonant magnetic dipoles. Furthermore, it has recently been shown 8 that the pair of noble-metal nanoparticles placed on the distance from each other much smaller than wavelength can also possess resonant magnetic dipole moment due to the excitation of transverse electric quadrupole mode in the pair at the frequency near to that of quasistatic dipole resonance of individual particle ͑or plasmon dipole resonance, which is also often referred to as Mie resonance 9 ͒. Potentially, it makes possible to create the negative-index metamaterials for optical frequencies based on the unit cell, which contains noble-metal nanoparticles grouped in pairs. 8 Resonant excitation of surface plasmons in particles leads to enhancement of the local electric field that enables observation of both quadratic and cubic nonlinear effects resulting in second and third harmonic generation respectively. 10, 11 On the other hand, the Kerr-type cubic nonlinearity, which resides in metal nanoparticles and arises due to intra-and interband electron transitions, [12] [13] [14] results also in the effect of field selfinfluence that in a resonant system usually leads to bistable behavior. 15 The collective nonlinear interaction of closely placed nanoparticles may provoke unexpected plasmondriven nonlinear effects. 16 At the same time, the study of physical principles of terahertz electromagnetic wave generation along with creation of tunable sources operating at room temperature is currently one of the most rapidly developing fields in contemporary applied physics due to a wide range of vital applications, which are expected to be realized by using of terahertz waves. Thereupon, one can be mentioned spectroscopy of solids, solid nanoheterostructures, various organic and biological objects ͑including DNA͒, [17] [18] [19] disclosure of explosive materials, 20 and many others. Among compact ͑table-top͒ sources of terahertz radiation, one can point to the quantum-cascade lasers. 21 However, they are not able to generate radiation with the frequencies below 10 THz without cooling up to cryogenic temperatures. In fact, the so-called optical-to-terahertz conversion techniques are the most popular nowadays. Almost all these methods are based on rectification of the short ͑femtosecond͒ optical pulses in nonlinear electrooptic crystals 22 that produced the polarization vibrations at terahertz frequencies.
This paper unites two branches of modern physics: nonlinear plasmonics and terahertz radiation generation. Here we analyze the effect of spontaneous plasmon-induced symmetry breaking in a nonlinear metallic nanodimer illuminated by light. Contrary to some recent papers where consequences of geometrical symmetry breaking in different metallic nanostructures were discussed, 23, 24 we consider symmetry breaking of completely other nature. We show that this effect occurs because of the instability of nonlinear stationary states with zero magnetic moment of the nanodimer and results in transition of the system either to another steady state or to a dynamical self-modulation regime with nonzero both electric and magnetic dipole moments. The modulation frequency of the self-modulation regime lies in the terahertz range and can be tuned by variation, in particular, of the incident light intensity that opens one more alternative way of terahertz radiation generation. In contrast to traditional optical-toterahertz conversion, terahertz radiation generation by a metallic nanodimer can be reached within the continuous quasimonochromatic wave process with the tunable modulation frequency. Of course, it is necessary to remember that real sources of this type have to be designed on the base of ordered arrays of nanodimers, for example, like obtained in Ref. 5 and also require rectification of scattered light. At the same time, one can expect enhancement of nonlinear effects due to collective interaction between nanodimers in a lattice, 25 that, in turn, can lead to reduction of required incident light intensity.
II. MODEL AND BASIC EQUATIONS
We consider a pair of identical spherical metallic nanoparticles embedded into a dielectric host matrix with dielectric permittivity h . We assume that the distance between centers of particles d and their radii a are much smaller than the wavelength of the propagating electromagnetic wave and the skin-layer thickness in the metal that bounds the nanoparticle size approximately by 20-30 nm in optical and near infrared spectral ranges. Bearing in mind the small sizes of nanoparticles, we neglect the excitation of higher order surface plasmon modes in individual particles taking into account only the dipole-type plasmon and dipole-dipole quasielectrostatic coupling between particles. In the linear regime, one can obtain expressions for electric dipole moments of the nanoparticles in the dimer, which take into account the quasielectrostatic interaction between particles within the point dipole approximation,
where E 01 and E 02 are the external electric fields of incident light acting on the particles, E 12,21 = ͓3͑r 12,21 p 1,2 ͒r − p 1,2 ͔ / ͑ h d 3 ͒ are the dipole electric fields which are responsible for interaction between the particles in the dimer,
h ͔ is the electric polarizability of an individual particle ͑hereinafter we ignore radiation losses in comparison with Joule losses in metallic nanoparticles͒, m ͑͒ is the dielectric permittivity of the metal nanoparticles, r 12, 21 are the unit vectors directed from particle ͑1͒ to particle ͑2͒ and back, respectively, is the frequency of incident light ͓we assume that light is quasimonochromatic with the time dependence ϳexp͑it͔͒. The Eqs. ͑1͒ with E 01,02 = 0 gives the spectrum of the plasmon eigenmodes of the nanodimer. Electrostatic coupling of particles gives, instead of the fundamental dipole-plasmon mode of independent particles, four collective plasmon eigenmodes of the dimer ͑shown schematically in Fig. 1͒ : two dipole ͑lon-gitudinal and transverse͒ and two quadrupole ͑also longitudinal and transverse͒ with corresponding eigenfrequencies
is the frequency of dipole surface plasmon of an individual particle which can be found from the equation m ͑ 0 ͒ +2 h =0.
To avoid misunderstanding, one should note here that different nomenclatures exist to specify modes shown in Fig.  1 ͑see, for example, Refs. 5, 8, and 26͒. On the one hand, the dimer may be considered as "a single whole," then the terminology accepted above is usually used. 5, 8 On the other hand, the dimer modes can be treated also as hybridized dipolar modes of interacting individual particles. From this point of view, all those modes are frequently classified as transverse bonding and antibonding ones for modes in Figs. 1͑c͒ and 1͑a͒ and longitudinal bonding and antibonding ones for modes in Figs. 1͑b͒ and 1͑d͒, respectively. 26 In fact, the difference between these two nomenclatures corresponds to the well-known difference between normal and partial mode approaches. Taking into account that we consider the problem in terms of normal modes, we utilize the first variant.
Under description of the metal dielectric permittivity by means of Drude formula m ͑͒ =1− p 2 / ͓͑ − i͔͒, where p is the electron plasma frequency, is the electron scattering rate, the frequency of the fundamental dipole plasmon of an individual particle can be expressed as 0 = p / ͱ 1+2 h .
For d ജ 3a, the result ͑2͒ fits well the exact calculations. 27 The dipole-type plasmons of the dimer ͓Figs. 1͑a͒ and 1͑b͔͒ have finite electric dipole moments p = p 1 + p 2 and zero magnetic dipole moment. The transverse quadrupole mode ͓Fig. 1͑c͔͒ has zero full electric dipole moment and finite magnetic dipole moment m =1/ 2c͓͐r ϫ j͔dV = ͑id / 4c͓͒͑p 1 − p 2 ͒ ϫ r 1,2 ͔, where c is the speed of light. The longitudinal quadrupole mode ͓Fig. 1͑d͔͒ has zero full electric and magnetic dipole moments. Thus, electric response of the dimer is determined by both electrodipole modes, whereas magnetic response arises only due to the excitation of the transverse quadrupole plasmon. As long as Ӷ 1, all eigenfrequencies ͑2͒ are close to each other and to 0 . Therefore, excitation of any dimer eigenmode leads to resonant increasing of the electric polarizability ␣͑͒ of an individual particle, so one can expect the strongest nonlinear effects because of the resonant growth of the local electric field intensity inside the nanoparticles.
We assume that metallic nanoparticles possess the Kerrlike nonlinearity [12] [13] [14] so that m NL = m ͑͒ + ͉E͉ 2 / E c 2 , where E is the local electric field tension inside the particles, E c is the characteristic field of nonlinearity which for the silver particles of radii 6-12 nm can be considered as a purely real value with typical magnitudes ͑2-3͒ ϫ 10 3 ͑esu͒ in the vicin- ity of the resonant frequency; 15 indicates the type of nonlinearity: focusing ͑ ϭ ϩ1͒ and defocusing ͑ ϭ Ϫ1͒. The measurements of the resonant nonlinear response of silver and copper nanoparticle aggregates give ϭ Ϫ1. 28 We will distinguish two orthogonal polarizations of light incident onto the nanodimer; TE with the field components E y , H x , H z ͓Fig. 2͑a͔͒ and TM with E x , E z , H y ͓Fig. 2͑b͔͒. The relevant Cartesian coordinate system is shown in Figs. 2͑a͒ and 2͑b͒. We also introduce full electric and magnetic dipole moments of the dimer: 
III. RESULTS AND DISCUSSION
In order to study the effects of symmetry breaking and terahertz radiation generation in a nonlinear metallic nanodimer illuminated by light, we should obtain the equations describing temporal dynamics of electric and magnetic dipole moments in the field of an external electromagnetic plane wave in terms of slowly varying amplitudes at operating frequencies close to the resonant value 0 . For that, we rewrite Eqs. ͑1͒ in the form ␣͑͒ −1 p 1,2 = E 01,02 + E 21, 12 . ͑3͒
Taking into account that the operator ␣͑͒ −1 acts actually on the particle polarization, whereas in the right-hand part of Eq. ͑3͒ we leave only fields acting on the particle. Then we decompose ␣͑͒ −1 in the vicinity of 0 to the first order of the Taylor's series following the standard approach, 29 which allows involving time derivatives into consideration describing actually small broadening of the light spectrum: = 0 + ⌬ − i͑d / dt͒, where ∆ is the operating frequency shift from the resonance value; ͉⌬͉ / 0 Ӷ 1, ͉d / 0 dt͉ Ӷ 1. Assuming also that ͉E͉ 2 / E c 2 Ӷ 1 and / 0 Ӷ 1, we come to the desired set of equations that in terms of dimensionless full electric and magnetic polarizations of the dimer can be written as follows:
where
h ͔͒ is the parameter, which characterizes the mode eigenfrequency shift because of quasielectrostatic coupling between nanoparticles in the dimer, is the angle of incidence shown in Figs. 2͑a͒ and 2͑b͒. The set of Eqs. ͑4͒ describes the temporal dynamics of the electric and magnetic polarizations of the nonlinear metallic nanodimer, which define the scattering efficiency and scattering pattern of a linearly polarized incident plane light wave of both TE and TM polarizations at the frequency close to 0 . In the linear case ͑ ϭ 0͒ Eqs. ͑4͒ become completely independent from each other. Thus, only nonlinear coupling between eigenmodes of the dimer takes place. The value W is responsible for the relative nonlinear resonant frequency shift, whereas the terms T and L describe a nonlinear energy exchange between the transverse and longitudinal modes, respectively.
In the simplest case, the effect of spontaneous symmetry breaking can take place for TE-polarized light at ϭ 0. In this case P ʈ =0, Q ʈ = 0 and the set of Eqs. ͑4͒ is reduced to a pair of nonlinearly coupled equations
One of stationary solutions of the Eqs. ͑5͒ answering to the zero initial conditions is M Ќ ͑0͒ = 0 and P Ќ ͑0͒ 0 which satisfies
has a hysteresis behavior that means emerging of a bistability region ͑see Fig. 3͒ . The middle branch in a hysteresis region is unstable with respect to small perturbations of P Ќ and never realizes. The transition of P Ќ to one of the stable states keeps M Ќ being zero. However, at the other values of the relative frequency shift ⍀ the stationary state with zero magnetic moment can be unstable with respect to small magnetic perturbations that eventually leads to the new steady state with finite magnetic moment. Indeed, the standard analysis of system stability ͑see, for example, Ref. 30͒ within the set of Eqs. ͑5͒ gives the following expression for the instability growth rate:
͑Color online͒ Two orthogonal polarizations of an electromagnetic wave incident onto a nanodimer: ͑a͒ TE polarization and ͑b͒ TM polarization.
where Re Ͼ 0 appears. Bearing in mind that the dependence ͉P Ќ ͑0͒ ͉ 2 ͉͑S 0 ͉ 2 ͒ for these values of relative frequency shift ⍀ is monotonous in contrast to the bistability case, one can say that the range of ͉S 0 ͉ 2 , where the magnetic instability takes place always exists. The corresponding bistability and instability regions in ͑I 0 , ⍀͒ axes are shown in Fig. 4 ͑re-gions I and II ϩ III, respectively͒, where I 0 is the intensity of the external field. The instability growth rate reaches its maximum value of the incident light intensity at the vacuum wavelength of 395 nm. The growth of the instability may lead to the new steady state with a finite magnetic moment directed along the x-axis that is orthogonal to the magnetic field in the incident wave. This effect can be treated as spontaneous symmetry breaking in the considered system. Figure 5͑a͒ demonstrates such kind of temporal behavior of both electric and magnetic full dipole moments. The amplitude of the incident wave is supposed to be slowly growing with the saturation value S 0 sat , which is close to one or another edge of the instability domain. One can see that in the new nonlinear stationary state not only some magnetic dipole moment appears but also the electric dipole moment essentially changes its stationary magnitude.
Except the stationary nonlinear states, the Eqs. ͑5͒ possesses the dynamical self-modulation solution, which is realized under special choice of the frequency shift ⍀ and intensity of the incident wave S 0 ͑region III in Fig. 4͒ . In this case, the amplitudes of electric and magnetic moments are oscillating and do not come to any steady state at all. One of the realizations of the considered dynamical regime is shown in Fig. 5͑b͒ . The frequency of such self-oscillations lies in the terahertz band ͓the fundamental frequency of the selfoscillations shown in Fig. 5͑b͒ is of about 20 THz͔ and it can be tuned in rather a wide range approximately from 1 THz up to 60 THz by means of changing of ⍀ and S 0 . The dependencies of the fundamental self-modulation frequency f sm on the incident light intensity are depicted in Fig. 6 . The corresponding dependencies of the dimer dipole moment amplitude on the incident light intensity at the modulation frequency normalized by the amplitude of the dipole moment at the operation frequency that characterizes the efficiency of terahertz radiation emission are shown in the inset in Fig. 6 . Apparently, the self-modulation regime can be treated as a parametrically excited beating of transverse dipole and quadrupole modes because of a nonlinear slowly time-dependent energy exchange between those modes describing by the term T in Eqs. ͑5͒. The opportunity of generation of terahertz radiation and its frequency tuning in so wide range opens the promising perspective of using arrays of metallic nanodimers, for example, similar to fabricated in Ref. 5 as an alternative type of tunable terahertz parametric oscillators with optical pumping. One can also draw attention to the possibility of terahertz generation in a continuous wave regime with almost monochromatic spectrum. . 3 . ͑Color online͒ The dependency of ͉P Ќ ͑0͒ ͉ 2 on ͉S 0 ͉ 2 for different frequency shifts: ͑a͒ ⍀ =−3 -the dependency is monotonous; ͑b͒ ⍀ϭ3 -the dependency has a bistable region. It is supposed the defocusing type of nonlinearity ͑ϭϪ1͒.
FIG. 4.
͑Color online͒ Bistability ͑I͒, instability ͑IIϩIII͒ and selfmodulation ͑III͒ regions for a silver nanodimer ͑with Drude parameters ប p = 7.17 eV and បϭ0.12 eV ͑Ref. 31͒, the defocusing type of nonlinearity ϭϪ1 ͑Ref. 28͒ and geometrical parameters a =10 nm, d =30 nm͒ in SiO 2 host ͑⑀ h =2.1͒. Under these conditions ប 0 = 3.14 eV. Small area ͑IV͒ indicates overlapping of the bistability and instability regions. 
IV. CONCLUSION
In conclusion, it has been shown that scattering of light by a nonlinear metallic nanodimer consisting of a pair of closely spaced nanoparticles can be accompanied by spontaneous symmetry breaking, which leads either to stationary magnetization of the dimer or to a periodic self-modulation regime of light scattering with modulation frequency lying in the terahertz band. These effects are caused by instability of the excited transverse dipole-type plasmon mode with zero magnetic dipole moment in the dimer. The conditions for the instability arising have been predicted and the instability growth rate has been calculated. It has been demonstrated that terahertz generation can be realized within a continuous wave quasi-monochromatic regime with a tunable modulation frequency. 
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FIG. 6. ͑Color online͒ The dependencies of the self-modulation frequency f sm of a silver nanodimer in SiO 2 host on the incident light intensity for fixed photon energy: ͑1͒ ប 1 = 3.05 eV ͑⍀ϭϪ0.03͒; ͑2͒ ប 2 = 3.0185 eV ͑⍀ϭϪ0.04͒; ͑3͒ ប 3 = 2.987 eV ͑⍀ϭϪ0.05͒. The inset shows the corresponding dependencies of the dimer dipole moment amplitude on the incident light intensity at the modulation frequency normalized by the amplitude of the dipole moment at the operation frequency. The dimer parameters are the same as in Fig. 4 .
